To develop a mouse model of neurotrophic keratopathy by approaching the trigeminal nerve through the brain and to evaluate changes in corneal cell apoptosis and proliferation. METHODS. Six-to 8-week-old male C57BL/6 mice underwent trigeminal stereotactic electrolysis (TSE) to destroy the ophthalmic branch of the trigeminal nerve. Clinical follow-up using biomicroscopy of the cornea was performed at days 2, 4, 5, and 7. To confirm the effectiveness of the procedure, we examined the gross nerve pathology, blink reflex, and immunohistochemistry of the corneal nerves. TUNEL-positive apoptotic and Ki-67-positive proliferating corneal cells were evaluated to detect changes from the contralateral normal eye. RESULTS. TSE was confirmed by gross histology of the trigeminal nerve and was considered effective if the corneal blink reflex was completely abolished. TSE totally abolished the blink reflex in 70% of mice and significantly reduced it in the remaining 30%. Animals with absent blink reflex were used for subsequent experiments. In these mice, a progressive corneal degeneration developed, with thinning of the corneal epithelium and eventually perforation after 7 days. In all mice, 48 hours after TSE, corneal nerves were not recognizable histologically. Seven days after TSE, an increase in cellular apoptosis in all the corneal layers and a reduction in proliferation in basal epithelial cells were detected consistently in all mice. CONCLUSIONS. TSE was able, in most cases, to induce a disease state that reflected clinical neurotrophic keratitis without damaging the periocular structures. Moreover, corneal denervation led to increased apoptosis and reduced proliferation of epithelial cells, formally implicating intact nerve function in regulating epithelial survival and turnover. (Invest Ophthalmol Vis Sci.
T he cornea is the most innervated tissue in the entire human body (400 times more than skin). 1 It receives dense sensory innervation from the trigeminal ganglion and, in some species, modest autonomic innervation. The trigeminal nerve divides into three main branches, one of which, the ophthalmic branch, provides corneal innervation. The organization of corneal nerves, from the depth to the surface of the cornea, is made up of penetrating stromal nerve bundles, subepithelial plexus, sub-basal nerve plexus, and intraepithelial nerve terminals. 2 More than a dozen different neurotransmitters and neuropeptides, whose functions are still incompletely understood, are secreted by corneal nerves. 3 Corneal nerves are lost because of many pathologic conditions, such as ocular infection, topical anesthetic abuse, surgery, diabetes, stroke, and dry eye syndrome, 1,4 -6 which affect millions of people annually. When corneal nerves are severely reduced, neurotrophic keratopathy (NK), a poorly treatable disease, develops. This includes the development of persistent epithelial defects and potentially stromal ulceration that may progress to perforation. However, the exact mechanisms and interactions between trigeminal nerves and corneal cells, including stem cells, epithelial cells, and keratocytes, remain unclear. It is known that nerve-secreted peptides influence corneal cell proliferation in vitro, 7 and corneal epithelial cell mitosis has been shown to be altered in denervated rats. 8, 9 Apoptosis and cell proliferation play key roles in ocular wound healing. 10 Reduced cell proliferation and thinning have been described in the denervated skin 11 ; however, it is not known whether enhanced apoptosis or simply reduced cell proliferation is associated with NK. In addition, apoptosis and proliferation have not been studied simultaneously in this condition. This has significant clinical implications because it is a well-known fact that NK patients have delayed healing and often experience persistent epithelial defects 12 and that even minor injuries can seriously threaten ocular integrity.
To address these shortcomings in our current understanding of these important pathophysiologic mechanisms, we have developed, for the first time, a mouse model by removing corneal nerves reproducibly using electrolysis of the ophthalmic branch of the trigeminal nerve with a stereotactic approach, trigeminal stereotactic electrolysis (TSE). This procedure aims to destroy only the fibers providing corneal innervation, leaving the rest of the trigeminus undamaged. Other denervation models have been proposed in monkeys, 13 rabbits, 14 -16 and rats. 17, 18 NK induction with a hot metal probe through the roof of the mouth has been described in mice; however, no report of death or success rate has been provided, and no stereotactic technique was used. 19 When the same procedure was performed on rats, the authors reported a success rate of 60%, and animals could be kept alive for only 3 to 6 days, which precludes long-term follow-up. 9 Our method represents an advancement of one of the most effective dener-vation procedures. 20 In addition, this technique applies to the mouse, which is the most widespread experimental mammal used, and is available with the full array of research tools. The procedure was followed by the development of progressive degeneration of the corneal tissue, confirmed clinically by biomicroscopy, functionally by examination of the blink reflex, and histologically by the loss of corneal nerves and the degeneration of corneal tissues. Finally, we show histologic evidence of a simultaneous increase in corneal cell apoptosis and a reduction in basal epithelial cell proliferation.
METHODS

Animals
Five 6-to 8-week-old male C57BL/6 mice (Taconic Farms, Germantown, NY) were used in these experiments. The protocol was approved by the Schepens Eye Research Institute Animal Care and Use Committee, and all animals were treated according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Experimental Procedure
Animals were anesthetized with a ketamine (100 mg/mL)/xylazine (20 mg/mL)/acepromazine (15 mg/mL) mixture. The head of each animal was shaved and disinfected with povidone iodide and ethanol. The animal was then mounted in the stereotactic frame, with particular attention paid to maintaining a sterile field in the surgical area, after which a median incision was made on the skull. The bregma (the point of conjunction of coronal and sagittal suture) was identified and chosen as a point of reference. For preliminary anatomic reference, we used a stereotaxic atlas. 21 Experiments on mouse cadavers were performed to calculate the exact stereotactic coordinates. The skull was opened with a dental drill, a conductive unimodal electrode (FHC, Bowdoin, ME) was lowered (depth, 0.63 cm) at three different locations (relative to bregma, 0.15 cm anterior and 0.08 cm lateral; 0.09 anterior and 0.10 lateral; 0.09 anterior and 0.12 lateral) on the ophthalmic trigeminal nerve, and a 2-mA current was passed for 15 seconds.
The electrode was removed, and the skin was sutured. A lateral tarsorrhaphy was performed to reduce the risk of infection. Finally, antibiotic ointment (bacitracin-neomycin-polymyxin) was applied to the sutural area and the treated eye. Buprenorphine (0.1 mg/kg body weight every 8 to 12 hours for 72 hours) was injected subcutaneously. The animals were then placed on a heated pad to help the recovery. Corneal sensitivity using a cotton filament was recorded preoperatively and postoperatively every 12 hours for 7 days comparing the blinking of the treated (left) eye with that of the control (right) eye. All animals were euthanatized by carbon dioxide overdose followed by cervical dislocation. All the procedures were performed in the Schepens Eye Research Institute Animal Facility in accordance with an approved protocol.
Sham Procedure
The sham procedure was conducted by repeating the steps of the experimental procedure (i.e., the electrode was lowered in the same three locations) except that current was not passed through the electrode. Antibiotic ointment was applied to the ipsilateral eye at the end of the procedure.
Slit Lamp Digital Pictures
Digital pictures of the corneas were taken at the slit lamp at 2, 4, 5, and 7 days after the procedure to check for any change in corneal epithelium or transparency. Particular attention was paid to the detection of epithelial irregularities or corneal edema.
Gross Pathology and Histology
To confirm the site of the lesion, the ophthalmic branch of the trigeminal nerve was exposed by careful dissection of the cerebral hemispheres and removal of the surrounding tissues, and digital pictures were taken.
The cornea was harvested and fixed in 4% paraformaldehyde, permeabilized in 0.3% Triton X in PBS with 2% bovine serum albumin for 2 hours, stained with anti-␤3 tubulin antibody (rabbit anti-beta 3 tubulin polyclonal antibody; Chemicon, Temecula, CA) overnight at 4°C, and then stained with a secondary conjugated antibody for 2 hours at room temperature (donkey anti-rabbit IgG FITC; Santa Cruz Biotechnology, Santa Cruz, CA). Both primary and secondary antibodies were diluted to 1:200. Corneal whole mounts were prepared using a DAPI mounting medium (Vectashield mounting medium with DAPI; Vector Laboratories, Burlingame, CA).
Trigeminal Nerve Histology
Trigeminal nerves were carefully dissected and fixed in 10% formalin overnight. Samples were included in paraffin, and 5-m sections were prepared and stained with Luxol fast blue, as described previously.
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TUNEL Staining
To measure apoptosis we used a specific kit (in situ cell death detection kit, TMR Red; Roche, Nutley, NJ). Eyes were enucleated and prefixed in 4% paraformaldehyde, placed in OCT medium compound (Tissue-Tek; Sakura Finetek, Torrance, CA), and stored at Ϫ80°C. Eight-micrometer cryosections were prepared, postfixed in 4% paraformaldehyde, and stained in accordance with the manufacturer's instructions. Eight corneas were examined (four denervated, four normal), and four different areas were sampled in each cornea, both in the center and in the periphery. Images were taken at 200ϫ magnification. TUNEL ϩ CD45 ϩ cells were identified by double staining for TUNEL and CD45 marker. Briefly, eyes were enucleated and prefixed in 4% paraformaldehyde, and the cornea was removed and stained for TUNEL as described. Corneas were then stained with CD45 monoclonal conjugated antibody (AlexaFluor 488 anti-mouse CD45 antibody; BioLegend, San Diego, CA) and mounted. Images were taken at 400ϫ magnification.
Ki-67 Staining
For measuring proliferation, enucleated globes were placed in OCT compound, and sagittal sections measuring 8 m were cut with a cryostat and placed on glass slides. Slides were fixed in acetone, rinsed in PBS, and blocked with 1% bovine serum albumin. Sections were then processed for immunohistochemical and morphologic evaluations. Actively proliferating cells were identified by immunofluorescence using a FITC-conjugated mouse monoclonal antibody against the Ki-67 protein (Novocastra Laboraties, Newcastle, UK), a cell proliferation marker expressed during active phases of the cell cycle. 23 The antibody was diluted 1:100 and placed on the sections, and cryosections were prepared. We examined eight corneas (four denervated and four normal) and sampled four areas in each cornea centrally. All digital pictures were taken under a fluorescence microscope (E800; Nikon, Melville, NY) with a 600ϫ magnification.
Epithelial Thickness
To study the effect of the procedure on epithelial thickness, whole globes were removed and fixed in OCT cryoprotectant medium and stored in Ϫ80°C. Eight-micrometer cryosections were cut. We examined 10 eyes (five denervated and five normal) in four different areas in the central cornea. Corneal epithelial thickness was determined using automated image analysis software (MatLab; The MathWorks Inc., Natick, MA). Epithelium was segmented from microscopic corneal images using morphologic techniques. Thickness measurements were determined by averaging more than three sampled locations per image.
Blink Reflex Evaluation
The blink reflex was tested with a cotton thread, both in the central and the peripheral cornea, immediately after animal recovery from anesthesia and then every 12 hours until the animals were euthanatized. Unanesthetized mice were tested for the blink reflex by touching the center and the periphery of the cornea with a sterile filament of cotton, under a dissecting microscope (magnification 10ϫ), to avoid touching the whiskers and eyelashes, as previously described. 24 Only animals showing absence of reflex at all times were used for the experiments.
RESULTS
Electrocoagulation of the Ophthalmic Branch of the Trigeminal Nerve
A schematic diagram showing a coronal view of the TSE procedure is provided in Figure 1A . After TSE, gross pathology of the trigeminal nerve revealed a lesion in the left ophthalmic branch (Fig. 1B) . A characteristic burn induced by the electrocoagulation could be seen at the site of the electrode penetration (the ophthalmic branch). On histochemical analysis, the treated trigeminal nerve tissue showed extensive disruption and vacuolization compared with the untreated, contralateral nerve (Fig. 1C) .
The maxillary and mandibular branches appeared intact. This was further confirmed as recovered animals responded to the touch of the respective innervated areas. The optic nerves were intact. No apparent hemorrhage or lesion was evident in the ganglion, hemispheres, or outside the targeted area. The sham procedure was not associated with any changes.
In Vivo Evaluation of Corneal Integrity and Blinking Reflex
Biomicroscopy of the cornea showed a progressive development of keratopathy; this started as punctate keratopathy 48 hours after the procedure, which progressively coalesced to diffuse epitheliopathy 7 days later (Fig. 2) . When the sham procedure was performed (i.e., electrode was lowered but no current passed), the cornea remained normal and the blink reflex was maintained at all time points. The epithelium imaged at the slit lamp showed areas of disruption 24 hours after the procedure, which increased after 48 hours (Fig. 2) . The blink reflex, tested with a cotton thread, was found to be totally absent in 70% of animals treated and significantly reduced in the remaining 30% (Fig. 2B ). Only animals with totally absent reflex both in the central and the peripheral cornea at all time points were used in this study.
Ex Vivo Evaluation of Corneal Innervation
In nontreated contralateral eyes, the subbasal nerve plexus and thick stromal trunks were normally present. In the TSE group, 24 hours after denervation, the subbasal nerve plexus lost its characteristic branching pattern. Moreover, the stromal nerves in the TSE group appeared faint and disrupted at various points. At 48 hours, no clear nerve structure could be detected either in the subbasal nerve plexus or the stroma (Fig. 3) .
Thickness of Corneal Epithelial Cell Layer
Globe cross-sections stained with hematoxylin-eosin 5 days after the procedure were prepared and showed a reduction in 
CD45
Ϫ cells suggesting that keratocytes are also undergoing apoptosis. Original magnification, 400ϫ. the epithelial thickness (mean, 35%) (Fig. 4A) . The epithelial thickness was significantly reduced (P Ͻ 0.001) in the denervated eye compared with the normal contralateral eye (Fig.  4B ). In addition, we found infiltration of inflammatory cells that was located primarily in the anterior stroma, in the denervated corneas.
Apoptosis of Corneal Cells
Immunohistochemistry for TUNEL ϩ apoptotic cells was performed 7 days after denervation. TUNEL ϩ cells in the epithelium, stroma, and endothelium of the denervated eye were identified under the microscope and counted. Two areas were considered: central and peripheral (limbal) cornea. In the normal eye, few epithelial cells were TUNEL ϩ , and they were located primarily in the outer superficial layers (Fig. 5A ). In the diseased eye, an increased number of TUNEL ϩ cells were detected diffusely scattered in the epithelium, stroma, and even the endothelium. More specifically, we observed a 70% increase in apoptotic cells in both the central and the peripheral epithelium and 86% and 76% increases in the central and peripheral stroma, respectively, compared with normal eyes (Fig. 5B) . The difference in the TUNEL ϩ cell counts between normal and denervated eyes was statistically significant (P Ͻ 0.001). Further, to characterize the phenotype of these cells, we performed corneal whole mount staining for CD45 and TUNEL. On comparison between denervated and nondenervated corneal stromas, we noticed significant increases in the numbers of both live (TUNEL Ϫ ) and dead (TUNEL ϩ ) CD45 ϩ cells in denervated eyes. In addition, we found an increase in the CD45 Ϫ TUNEL ϩ cells in denervated eyes, suggesting increased apoptosis of keratocytes (Fig. 5C ).
Proliferation of Basal Epithelial Cells
Immunohistochemistry for Ki-67 performed on globe crosssections 7 days after denervation showed a reduction of Ki-67 ϩ cells in the basal epithelial layer of the denervated eyes, though they were normally present in the normal contralateral eyes (Fig. 6A) . When we compared the number of Ki-67 ϩ cells in normal and denervated eyes, we found a reduction of 90% in the latter (P Ͻ 0.001) (Fig. 6B) .
DISCUSSION
The prevalence of NK is unknown, but it is probably underestimated given that reduction in corneal sensation is a common clinical observation in most severe chronic corneal diseases. In spite of significant efforts to unravel the pathophysiology of NK, it is not yet clear why NK patients have delayed healing times because they often present with persistent epithelial defects, and even minor injuries can seriously threaten ocular integrity. 12 Reduced mitosis of the epithelial cells has been demonstrated, 8, 9 but no report about the role of apoptosis in NK has been produced, nor has its coexistence with proliferation reduction been evaluated. To test whether denervation influences cell proliferation or apoptosis, we developed the TSE, a procedure aimed at inducing NK in mice without surgical or experimental manipulation of the globe or periocular tissues. In addition, to better understand NK pathophysiology, a reproducible murine model would be helpful to test new therapies. We also propose this method could be used to study the effect of trigeminal denervation in ocular tissues different from the cornea (such as the anterior chamber, retina, and choroid) because little is known about the physiologic relevance of trigeminal innervation to the eye.
In this study, we demonstrated a reproducible surgical approach, TSE, that induces corneal nerve disruption and is followed by the development of an epithelial and stromal disease highly resemblant of human NK. We demonstrated the site of the lesion in the trigeminal nerve and its peripheral effect on corneal nerve degeneration. Our approach requires 30 minutes and leaves the eye and orbital structures untouched, and it does not require the application of any chemical substance to the eye or periocular structures that could potentially introduce confounding factors. Attempts to remove corneal nerves with toxins (such as capsaicin 25, 26 or other neurotoxins 27, 28 ) or to surgically denervate by axotomy in the orbital cavity can cause significant perturbation of the microenvironment and could induce inflammation or cell apoptosis as a result of trauma itself. For example, capsaicin injection aspecifically affects all sensory neurons in the body, and it has been shown to change the level of brain derived neurotrophic factor in the dorsal root ganglions.
Several neurotrophic keratopathy models have been described in rats, 17, 18, 20 rabbits, 14 -16 and monkeys. 13 However, to our knowledge, a reproducible mouse model that could circumvent these issues (e.g., of inducing significant anatomic disruption around the eye or inducing chemical injury to the ocular surface, as with ethanol) approaching the trigeminal nerve from the brain has not yet been described. We believe this can represent a significant improvement, given the low cost and the wide array of murine reagents for the study of pathophysiologic mechanisms and the wide availability of transgenic and knockout models.
Tissue homeostasis in normal physiology is controlled by a tight regulation of apoptosis and proliferation, and it is interesting to speculate that the balance between these two mechanisms is perturbed in neurotrophic keratopathy. Apoptosis, also known as programmed cell death, plays a major role in most mechanisms of regulation of differentiation and wound healing. 10 Denervation has a dramatic effect on the apoptosis of myocytes 29 and Leydig cells. 30 In the cornea, apoptosis has been shown to occur after infection, 31 surgery, 32 or topical drug application. 33 However, no report has described the impact of denervation on corneal apoptosis. Apoptosis has been related to corneal opacity 34 and punctate keratopathy, 35 which we found in the TSE-treated eyes. In our study, we found apoptosis increased after TSE. Interestingly, although in normal eyes apoptosis was found at a background level primarily in the superficial epithelium, consistent with normal tissue turnover, we noted that 7 days after denervation, apoptosis was also extensively detected in keratocytes and even endothelial cells, suggesting a trophism support of nerves beyond just the epithelium. Interestingly, apoptotic cells were found diffusely scattered in all corneal layers, whereas the majority of inflammatory cells were located in the anterior stroma, hence suggesting that resident corneal cells were undergoing apoptosis. To better assess the phenotype of corneal cells undergoing apoptosis, we performed double staining for TUNEL and CD45 (as a marker of inflammatory cells) and found that TUNEL ϩ CD45 Ϫ cells, which could presumably be considered resident keratocytes, were increased after denervation.
Various neuropeptides found in the cornea, such as substance P (SP), 36 calcitonin gene-related peptide (CGRP), 37 and nerve growth factor (NGF), 38 have antiapoptotic properties, and their reduction or disappearance after denervation could explain our findings. Corneal nerve-secreted peptides such as SP, 39 NGF, 40, 41 and glial-derived neurotrophic factor, 41 have also been shown to support the proliferation of corneal cells. It has also been shown that corneal denervation induces a reduction of epithelial cell mitosis in rats, 8, 9 but no information is available in mice.
We evaluated actively proliferating corneal cells by staining for Ki-67 protein, a cell proliferation marker expressed during the active phases of the cell cycle (G1, S, G2, and mitosis) but absent from resting cells (G0). 42 Ki-67 has been used to identify proliferating corneal epithelial cells. 43 We found Ki-67 expression reduced after TSE. We also detected reduced epithelial thicknesses in the central cornea. 43, 44 Interestingly, this is similar to what has been reported for the denervated epidermis in which keratinocyte proliferation was also reduced. 11 The epidermis shares anatomic similarity with the cornea because it is also surface ectoderm-derived; however, it is a keratinized epithelium. Our findings support the general theory of a specific neurotrophic effect on ectodermal tissues, which has been proposed by various authors. 46, 47 The penetration of the electrode through the brain to reach the trigeminal nerve can be complicated by meningoencephalitis 23 ; however, we did not notice neurologic or autoptic signs of development of brain infections in our animals. This could be partly due to the fact that we followed a rigorous aseptic technique. We do not know to what extent other factors (i.e., inflammation) participated in the development of NK; however, this will be the subject of further studies. In addition, the trajectory of the electrode through the brain tissue could theoretically alter the release of neuropeptides in the cornea. However, when we performed a sham procedure (i.e., same procedure with lowering of the electrode to the trigeminal nerve without passing current), the ipsilateral eye remained normal. TSE was effective in totally abolishing the blink reflex in 70% of cases, and the animal survival rate free of neurologic complications such as paralysis was 90%. Because it has been shown that in some cases the cornea receives innervation from the maxillary branch of the trigeminal nerve, 18, 47, 48 we hypothesize that our specific lesion of the ophthalmic branch may spare these fibers in some animals, thereby allowing retention of some sensation in a minority of cases.
The development and clinical evolution of NK after TSE was rapid (7 days) compared to what has been shown in rats 17, 18, 20 and what is observed in humans, possibly because of various reasons. First, mice are smaller than rats, and it is possible that the time required for nerve degeneration is shorter given the shorter fibers. Second, we included in our study only animals with complete corneal anesthesia, defined by the complete absence of corneal reflex, which presumably would experience the most severe form of NK. Third, human patients often undergo some sort of therapy, which slows down the course of the disease, and reduced sensation is more common than complete corneal anesthesia.
In conclusion, our findings support the importance of corneal nerves on the two main mechanisms of tissue homeostasis: apoptosis and cell proliferation. We emphasize that the adoption of our animal model could provide a useful tool in dissecting the role of nerves on various adult and stem cell populations in the cornea and, more widely, could be a paradigm of nerve-tissue interactions in health and disease, ultimately facilitating the development of new therapies.
